Five photochromic terarylenes which show reversible photocyclisation and cycloreversion with relatively high quantum yields are presented. Some of these have been observed to undergo a highly efficient cycloreversion cascade process from their coloured, closed forms to their uncoloured open forms that leads to cycloreversion quantum yields significantly larger than unity. This cascade effect can been induced with both chemical and X-ray initiation; the limits of detection from X-Ray initiation has been tested and is comparable to existing systems with detection observed at values as low as 0.3 mGy.
Introduction
The use of a single physical stimuli such as heat or illumination to induce changes in the physical media with which they are interacting is a well-known phenomenon in both biological [1] [2] and materials science 3 . For example the initial processes of mammalian optical vision are based on retinal-protein hybrids which regulate transport through ion-channels in cell membranes. 1 These are capable of amplification above a 1:1 ratio of ions to photons, a significant increase in the sensitivity of the system upon activation. Such a response, resulting in more than one physical output from a single input, demonstrates the principle of a synergetic cascade mechanism. In materials science many systems based on similar synergetic responses have been developed, particularly focusing on photonic applications including photo-multiplying tube (PMT) detectors [4] [5] and avalanche photodiodes (APD) [6] [7] [8] [9] and in which the output can be many orders of magnitude larger than the photonic input. Although these systems have been known for many years the exploitation of cascade responses on a molecular level has thus far, proved challenging. The generation of future examples requires the development of new molecules responsive to external stimuli such as heat, 10,11 chemical 10 or physical stress. [12] [13] [14] [15] For these applications an important requirement is to maximize the response efficiency, that is the number of changes that can be induced in the target molecules with the minimum amount of external stimuli. In the field of photochemistry a lot of focus has been placed upon the use of photo-amplifying systems, due to the ease with which they deliver large packets of energy, along with the non-invasive, rapid way they can be exploited. Molecular examples that have been reported include those of Tokumaru and Irie, who have independently studied photoisomerisation of ethenes 15 and binaphothylenes 16 with photochemical quantum yields amplified to higher than unity via triplet state energy transfer. Recently Garcia-Garibay reported specific quantum-chain photodecarbonylation of diarylcyclopropenones in the crystalline state. 17 Here photochemical quantum yields are reported to be higher than 300%, resulting from singlet energy migration. The major drawback of all of these molecules however, is their irreversibility, meaning that unlike biological or materials examples they cannot be returned to their original state once the cascade is complete, drastically lowering their utility. To attempt to overcome this, we have investigated the use of reversibly switchable photochromic molecules including terarylenes which are known to have a controllable exchange between their two forms. 15, 18, 19 These can undergo fully reversible structural changes through the application of selected wavelengths of light, allowing for the interchange between two isomers having different photophysical properties. In such cases the usability of the switching process depends both on the yield of the induced change and the properties of the products formed. These classes of compounds undergo the 6-photocyclisation in the central hexatriene unit upon application of UV light from the as-synthesised open (o) form to the closed (c) form, while irradiation with visible light leads to the cycloreversion reaction (Scheme 1).
These platforms are used due to the ease with which their properties can be predictably tuned through relatively simple functionalisation. Recently, we reported a photochromic derivative harbouring atoms at strategic positions designed to hold the molecule in its most photo-reactive conformation resulting in photocyclisation quantum yields of almost unity. 19 However, this high photocyclisation quantum yield comes at the cost of lower efficiencies for the cycloreversion reaction, lowering their potential towards many applications. This problem has led us to investigate an alternative ring opening method based upon an oxidative cycloreversion process (Scheme 2) which showed potential for having a response efficiency beyond unity. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] This proceeds via a cascade resulting from the oxidation of the ring closed form to it radical cation (c •+ ) which spontaneously ring-opens to the cationic radical of the open form (o •+ ). This immediately reacts with remaining neutral closed forms in solution, regenerating the closed radical cation and leading to multiple ring openings from a single oxidation source. Electron efficiencies of up to 900%, implying nine ring openings for each single oxidation source were reported, 28 and ring opening turnover numbers of up to 1000 have been achieved. 32 This synergetic mechanism has also been shown to be effective for some diarylethene derivatives. 23, 30 As it has long been known that X-rays oxidatively-generate radicals in certain halogenated solvents, 34 we next decided to investigate the use of X-rays to generate the initial radical in suitable solvents in order to initiate the cascade reaction.
High-energy photons including X-rays offer major health risks [35] [36] [37] and as such, there is a growing demand for new high sensitivity methods of their detection. 35, [37] [38] [39] [40] [41] Most existing X-ray sensing compounds are based on expensive, toxic materials, usually including metal-organic frameworks or heavy metals which are difficult to process into commercial devices. [42] [43] [44] [45] [46] [47] [48] To counter this a number of organic based systems have been suggested; however, these all suffer from the difficulties of having to be paired with the solid-state electronic detection methods to produce a commercial device. Photochromic organic detectors may offer an alternative as they can report the presence of X-rays through easily observed colour changes, show relative hardness towards high energy photons, are easily recyclable and are much simpler to process. Examples of such systems have included spiropyrans and diarylethenes; however, in both these cases the organic molecules required the use of sensitisers and only offered low-level detection limits in the range of 1 -0.1 Gy. [50] [51] [52] [53] [54] [55] [56] This led us to propose the use of terarylenes susceptible to cascade reactions for the direct observation of the ring opening induction using X-Ray induced radical generation. This method offers a highly sensitive photochromic response to low doses of X-Rays, allowing for much higher sensitivities than those organic examples already reported. Five compounds 1o-5o ( Fig. 1 ) are studied herein and have been prepared and fully characterised using NMR and mass spectroscopy (Figs. S1-9).
Results and Discussion

Molecular design, synthesis and characterisation
Compound 1o was taken from a family of triangle terarylenes, which was reported to show the higher photo-cyclisation quantum yield (0.6) than that of dithiazolylthiazole based one (0.4). 57 2o was designed as a target containing phenyl rings on both photochemically reactive carbon atoms, as these rings were shown to accelerate the rate-limiting step of the oxidative cycloreversion (Scheme 2) and increase the efficiency of amplification by three orders of magnitude or more. 32 However, such phenyl rings were also shown to increase the steric hindrance on the c forms which contributes to decreased thermal stability and lower photocyclisation quantum yields. For this reason, two new compounds were prepared, each having only one phenyl ring on the reactive carbons (compounds 3o and 4o) via consecutive coupling reactions, as inspired by previous works. 58, 59 Compound 5o containing benzothiophene moieties instead of phenylthiophene groups, in which the capability of aforementioned cycloreversion Please do not adjust margins Please do not adjust margins cascade process was absent, 28 was also employed as a reference. First the photochromic properties of these compounds in acetonitrile as an inert media was explored, with UV irradiation ( = 365 nm) resulting in colouration typical of diarylethenes and terarylenes for all five compounds (also see Fig. S10 ). Compounds 1-4 share a π-conjugated system with a similar geometry in their closed-ring forms, leading to an almost identical absorption peak in the visible range at 613 nm with photo-cyclisation quantum yields >50%, typical of terarylenes. The optical properties including the conversion ratio of c-forms at the photostationary state (PSS) are summarized in the ESI (Table S1 , see also Figs. S11, S12). Visible light irradiation (λ > 480 nm) of the coloured solutions induced the cycloreversion reaction to afford colourless solutions with the original absorption profiles of o forms. Closed form of compound 2 exhibited spontaneous bleaching at room temperature within minutes, probably due to the steric strain in the closed ring form destabilising this isomer 2c. Photocyclisation-cycloreversion cycles were repeated for several times with the same isosbestic point, indicating typical two-component reversible photoisomerizations. No significant solvatochromism was observed with 1o/1c displaying the same spectra in hexane. 56 Thermal stability of the closed-ring forms for 1c, 3c and 4c was investigated in the dark and the half-lives at room temperature are estimated to be fourteen days, six hours and six hours respectively.
Cascade reaction
Although the spontaneous bleaching of 2c to 2o within minutes prevented the further characterization of 2, the half-lives of six hours for 3c and 4c afforded the evaluation of the oxidative cycloreversion reaction cascade, most of which was complete within an hour. The half-lifetime of 5c was estimated to be 500 days in toluene. First the oxidative charge transfer chain cycloreversion for these compounds was tested using tris(bromophenyl)ammoniumyl hexachloroantimonate (TBPA) as a one-electron oxidant initiator in acetonitrile. As in previous reports, 32,60 complete cycloreversion could be accomplished even with catalytic amounts of TBPA, indicating the chain reaction process. A minimum amount of 2 % equivalents of TBPA was necessary to induce the complete cycloreversion of 1c, a turnover number of 200 for each initial trigger molecule ( Fig. S13, 5 ,000 % oxidant-based yield). For both 3c and 4c, oxidant equivalents as low as 0.1 % was found to lead to complete decolouration, a turnover number of over 1,000 for each initial trigger molecule, i.e. 100,000% oxidant-based yield (Fig. S14 ). This value was comparable to that of terthiazolebased compound having two phenyl moieties on the reactive carbons. 32 One phenyl ring on the reactive carbon atoms appears enough to make oxidative cycloreversion faster and more efficient in the present compounds. Contrarily, the complete bleaching of 5c required an equimolar amount of TBPA, confirming the absence of a chain reaction mechanism in this case (Fig. S15 ). This result might be explained by the slower cycloreversion in the radical cation state (5c ·+ → 5o ·+ ) together with the shorter lifetime of 5o ·+ (0.2 s) compared to those of 1, which were estimated by the electron transfer stopped-flow study 28 (Figs. S16,17 and Table S2 ). Next the oxidative cycloreversion reaction was induced by UV irradiation. The c forms of compounds were produced by illuminating 0.3 mL solutions in toluene under UV (365 nm) until the amount of c forms reached to 9.0 × 10 -8 mol for all compounds. Then, the solution was diluted with 2.7 mL of chloroform to give the c form concentration of 3.0 × 10 -5 M and irradiated with a controlled number of photons at 313 nm. Figure 3 monitors the peak absorbance at 610 nm for 1, 3 and 4 and at 540 nm for 5 following the initial UV irradiation at 313 nm for 30 s. The continuous decrease in the closed-ring forms 1c, 3c and 4c, suggests that cycloreversion takes place, with absorptions typical of the o forms recovered. It can be seen that cycloreversion of 1c took around 30 min in an almost linear fashion, similar to previous results. 32 Meanwhile, cycloreversion of 3c and 4c were completed within half an hour in the quasilinear fashion, in accordance with the results of oxidative cycloreversion of derivatives having aromatic rings in the reactive centres. 32 Since the ambient half-lives of 3c and 4c are six hours, the effect of spontaneous thermal cycloreversion on this experiment is much less than the photo-triggered reaction. The UV irradiation (either at 313 and 365 nm) in acetonitrile and toluene only induced the photo-cyclization (colouration) reaction. The irradiation at the absorption bands in the visible region (610 nm) did not cause such the persistent bleaching of coloured forms after closing the irradiation. Therefore, the cation radical species triggering the oxidative cycloreversion cascade could be formed in the presence of chloroform with UV irradiation. The photoinduced charge transfer between the higher excited state of c forms and chloroform molecule 61 or the excitation of charge-transfer state 62, 63 between them were suggested to trigger the catalytic oxidation reaction cascade. Meanwhile, no decrease was observed for 5c again indicating the importance of the cascade reaction capability. To illustrate reversibility, consecutive photocyclisations and cycloreversions were also performed ( Fig. S18 ). After the first cycloreversion and recovering a clear solution of the o form, another cycle was restarted by evaporating off the chloroform until the only solvent that remained was toluene. UV irradiation resulted in a stable blue solution, without evidence of cycloreversion after several minutes. Addition of chloroform and subsequent UV irradiation led to bleaching of the colour again. This was cycled several times with no marked degradation in 1 H NMR spectrum ( Fig. S18 and S19) . The absorbed photon numbers at 313 nm were then counted using an absolute photoreaction quantum yield evaluation system to estimate an apparent cycloreversion quantum yield. 64 For 3c and 4c, the maximum turnover number of the chain reaction process was found to be 33 to 1; that is, for every photon induced oxidation, an average of 33 molecules undergo cycloreversion. This quantum yield can thus reach up to 3,300 %. It is noted that the solution being irradiated with UV may contain unconverted o form that can absorb photons at 313 nm also, having an opposite effect on the decolouration. It has been reported that cycloreversion quantum yields can be improved through a similar electron transfer chain reaction mechanism with the initial oxidation induced by a photocatalyst, 65, 66 however in such cases quantum yields still remain below 100 % due to existing side reactions. Because there is no photocatalyst in our system, no such side reactions can occur allowing for surpassing the 100 % efficiency limit of the reaction.
X-ray induced cycloreversion and detection
To access for X-ray induced cycloreversion, we again prepared the c form solutions in toluene/chloroform mixture in a similar manner to the UV-induced cycloreversion experiment described above. The solutions of the c form were then irradiated for 6 s under 100 mGy of overall X-ray dose through an X-ray irradiation source with a conventional X-ray tube (see the ESI for the detailed condition) and the absorbance at 613 nm in the visible region was monitored under continued stirring. A decrease in the absorbance of the coloured forms 1c, 3c, and 4c, was observed, indicating conversion to their respective o forms (Fig. 4) . The decay in absorbance of 1c was not completed within two hours while those of 3c and 4c were completed within an hour. Cycloreversion due to thermal processes may not explain this behaviour since the thermal halflives of the c forms are considerably longer than the timescales for this X-ray induced reversion. To ensure that no significant degradation due to X-rays occurred, the o form was also recovered with 100 % yield by solvent extraction procedure, which is confirmed by the unchanged 1 H NMR spectrum (Fig.  S20 ). As no oxidant was used a simpler recovery method can be employed where the mixture was heated to 60°C under reduced pressure leaving only the initial o form in toluene. Subsequent exposure of this solution to UV light recovered the absorbance of the c form, confirming the reversibility of the process. To the best of our knowledge, this is the first X-ray-induced cycloreversion for diarylethenes or terarylenes. The effect of X-ray radiation dosage on the bleaching reaction was then evaluated for 4c. Almost complete bleaching was observed with the X-ray irradiation of 100 mGy within 30 min, with further decreases in the dosage leading to slower decolouration. 10 mGy irradiation led to discoloration to 30% after one hour, and 80% remaining after one hour with 1 mGy dosage (Fig. 5a ). X-ray irradiation to the halogenated alkanes is expected to generate radical cation species [67] [68] [69] which further oxidise the neutral c forms triggering the oxidative cycloreversion reaction cascade. Even with the low efficiency in the charge transfer reaction between the radical cation species generated form chloroform molecule and the neutral c forms, the subsequent oxidative cycloreversion cascade could amplify the X-ray sensitivity. The rate of cycloreversion can be controlled by the amount of radical species oxidatively generated, which is directly related to the Xray dosage, since the electron transfer process propagates in a chain like manner. This is in accordance with our previous report illustrating the dependence of cycloreversion kinetics on the amount of oxidised species in the process. 32 In order to evaluate the decolouration process as an analytical tool, we thus conventionally define Xcyclo as the "% decrease in absorbance ten minutes after X-ray exposure" to be used as an analytical index for X-rays (eq. 1):
where Abs0 is the initial absorbance at λmax, vis of toluene: chloroform (1: 9) solutions of the c forms and Abst is the absorbance at λmax, vis of toluene: chloroform (1: 9) solutions of the c forms after ten minutes without irradiation. A solution of the c form of 4 was exposed to X-rays of varying doses and the absorbance decay monitored for ten minutes. A plot of Xcyclo as a function of X-ray dosage in the mGy range showed a linear response (Fig. 5b) ; as X-ray dosage determines the amount of cations generated this is proportional to the rate of cycloreversion and proceeds with the zero-order kinetics. 32 Xray dosage in the range of 1-10 mGy led to Xcyclo with only a slight deviation of linearity ( Fig. 5b) , indicating an analytical dynamic range of at least one order of magnitude. This result therefore provides a method not just for X-ray detection but also for quantification of X-ray dosage; as measurement/calculation of Xcyclo can be correlated with any Xray dosage in the range of 1-10 mGy. Then, the limit of detection (LOD) was evaluated as follows:
Here σblank is the standard deviation of Xcyclo for multiple (15) blank measurements (no X-ray irradiation) as a measure of the % decrease in absorbance due to the spontaneous cycloreversion (Table S3) , and m is the slope of the graph on Fig.  5b . We determined for 4c that the LOD is 0.3 mGy which is two orders of magnitude lower than the record set by Han and coworkers using small organic molecules 34 and similar to that of Xie and co-workers for uranyl-based frameworks. 70 This low LOD is due to the linear sensitivity of Xcyclo to very small changes in X-ray dosage as measured by m. The large absorbance change in response to X-ray dosage is mainly due to the highly efficient charge transfer cascade reaction mechanism for the cycloreversion. This illustrates the immense utility of an efficient photosynergetic response for highly sensitive detection. Meanwhile, σblank is minimal because of the reasonable thermal stability of the c form coupled with, of course, high precision of absorbance measurements.
Conclusions
We have prepared five photochromic terarylenes which show reversible photocyclisation and cycloreversion reactivity with relatively high photocyclisation quantum yields. Three of them further displayed a highly efficient cycloreversion response through an electron transfer cascade reaction process. Remarkable enhancement in the amplification efficiency was clearly demonstrated upon introduction of one phenyl unit on a carbon atom at the photocyclisation reaction centre. While UV irradiation in a non-halogenated solvent causes colouration to their thermally stable coloured c forms; which in the presence of chloroform can undergo a highly efficient bleaching reaction from the c form to the o form. The kinetics are indicative of the chain reaction process. We found that such a UV induced quantum chain reaction gives a boost of photochemical quantum yields significantly greater than unity (3,300%). Given the cascade electro-cycloreversion efficiency up to 100,000% as demonstrated by the chemical-oxidant induced reaction experiment, about 3% of photo-oxidation quantum yield can be expected to trigger the chain reaction. Similar amplified photochemical reactivity can also be expected if other haloalkanes such as dichloromethane, dichloroethane, bromoethane and iodomethane were used. The phenyl thiophene units or diphenyl thiophene units in the present compounds would support photo-oxidation capability and efficient cascade reactivity by stabilising the cation-radical intermediate. Indeed, we observed no photo-triggered cascade reaction for our previous terthiazole derivatives of less oxidative activity. Even upon irradiation with X-rays of very low dosage (mGy levels), the fading reaction is apparently observed, with proceeding of the cycloreversion back to the colourless o form. These new compounds deliver a new approach for development of an eye-detectable radio-dosimeter with the aid of gel supports to form quasi-solid state materials, which alerts the presence of low-level radio-doses with disappearing blue color. The detection limit as low as 0.3 mGy, the highest sensitivity among organic-based X-ray colour-changing
